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REACTiiON S I N T E R E D  S I L I C O N  N I T R I D E  As A 
COATING FOR CARBON-CARBON COMPOSITES 
by 
Yoshio Robert Yamaki 
(ABS TRACT) 
Reac t ion  s i n t e r e d  s i l i c o n  n i t r i d e  (RSSN) was s t u d i e d  as a s u b s t i -  
t u t e  c o a t i n g  material on t h e  carbon-carbon material (RCC) p r e s e n t l y  
used as a h e a t  s h i e l d  on t h e  space s h u t t l e ,  and on advanced carbon- 
carbon (ACC), a later developmenr. On RCC, RSSN showed p o t e n t i a l  i n  a 
5 3 8 O C  (1000'F) s c r e e n i n g  test i n  which s i l i c o n  c a r b i d e  coa ted  material 
e x h i b i t s  i t s  h i g h e s t  o x i d a t i o n  rate;  RSSN a f f o r d e d  less p r o t e c t i o n  t o  
ACC because of a l a r g e r  thermal  expansion mismatch. 0rganos: l icon den- 
s i f i c a t i o n  and metallic s i l i cc ln  s e a l i n g  methods were s t u d i e d  as means 
of f u r t h e r  i n c r e a s i n g  t h e  o x i d a t i o n  r e s i s t a n c e  of the  c o a t i n g ,  and some 
improvement was noted when these  methods were employed. 
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I. I n t r o d d c t i o n  
The s p a c e  s h u t t l e  o r b i t e r  is t h e  f i r s t  a p p l i c a t i o n  of r e u s e a b l e  
h e a t  s h i e l d  materials. Peak r e e n t r y  tempera tures  of approximately 
15OO0C are encountered by t h e  nose cap and wing l e a d i n g  edges,  and 
carbon f iber -carbon matrix (carbon-carbon) composites are used t o  
provide  thermal  p r o t e c t i o n  i n  t h e s e  areas. The high temperature  
s t r e n g t h  r e t e n t i o n  and low d e n s i t y  of carbon are w e l l  s u i t e d  t o  aero-  
s p a c e  a p p l i c a t i o n s ,  however, p r o t e c t i o n  a g a i n s t  o x i d a t i o n  a t  h igh  
tempera tures  is  of paramount importance i n  a r e u s e a b l e  hea t  s h i e l d  
system. 
High temperature  o x i d a t i o n  p r o t e c t i o n  is c u r r e n t l y  provided 
by a s i l i c o n  c a r b i d e  l a y e r  formed on t h e  s u r f a c e  of t he  carbon-carbon 
h e a t  s h i e l d s  by a r e a c t i v e  p e n e t r a t i o n  i n t o  the  s h i e l d  i t s e l f .  I n  
t h e  c o a t i n g  p rocess ,  t h e  e n t i r e  component is covered by a mixture  Q €  
s i l ico i - i ,  s i l i c o n  ca rb ide ,  and alumina powders and heated t o  approxi-  
mately 17OO0C f o r  s e v e r a l  hours .  
stresses b u i l d  i n  t h e  c o a t i n g  due t o  a thermal  expansion mismatch wi th  
t h e  unreac ted  s u b s t r a t e  benea th ,  and c rack ing  of t h e  c o a t i n g  occurs .  
Such c o a t i n g  d e f e c t s  l i m i t  heat s h i e l d  l i f e  by permi t t i ng  ox ida t ion  
of t he  under ly ing  material. 
During coo l ing ,  however, tensi le  
The primary source  of t h e  thermal  expansion mismatch is the  or ien-  
t a t i o n  of g r a p h i t e  f i b e r s  i n  t h e  composite.  The s h i e l d  c o n s i s t s  of 
l a y e r s  of g r a p h i t e  f i b e r  c l o t h  which a re  o r i e n t e d  parallel  t o  t h e  





f a c t u r e d  by t h e  Vought 
composites f o r  t h e  s h u t t l e  program are manu- 
Corpora t ion ,  and two types of composites have 
been produced. 
is c u r r e n t l y  used on t h e  s h u t t l e  o r b i t e r s ;  however, a second type,  
des igna ted  advanced carbon-carbon (ACC) is under s tudy  f o r  f u t u r e  u s e  
because of i ts  improved o x i d a t i o n  and mechanical p r o p e r t i e s .  RCC and 
ACC d i f f e r  i n  t h e  type of g r a p h i t e  f i b e r  used,  t h e  weave p ~ t t e r n  of 
t h e  c l o t h ,  and i n  t h e  a g e n t s  used t o  d e n s i f y  t h e i r  m a t r i c e s .  
A material des igna ted  r e i n f o r c e d  carbon-carbon (RCC) 
Dila tometer  measurements on RCC have i n d i c a t e d  t h a t  the  c o e f f i -  
c i e n t  of thermal expansion is 4.7 x 10 -610C. I (25  - 80OoC) pe rpend icu la r  
t o  the p l i e s  b u t  only 1.6 x 10 
paral le l  t o  t h e  p l i e s  and t h e  s h i e l d  s u r f a c e .  A f i g u r e  of 4.7 x 
OC (25 - 800OC) is ob ta ined  f o r  mat.eria1 which has  been conver ted  t o  
SIC and v a r i e s  l i t t l e  w i t h  respect t o  o r i e n t a t i o n .  
-6 ,O 
I C ( 2 5  - 800OC) i n  t h e  d i r e c t i o n  
Oxida t ion  due t o  c o a t i n g  c racks  is c u r r e n t l y  be ing  r e t a r d e d  by 
the  a p p l i c a t i o n  of a c rack  s e a l i n g  ove rcoa t .  While t h i s  does r e s u l t  
i n  a l a r g e  improvement i n  o x i d a t i o n  r e s i s t a n c e ,  the  most d e s i r e a h l e  
approach would be  t o  e l i m i n a t e  o r  a t  l e a s t  reduce  t h e  residual .  c o a t i n g  
stresses such t h a t  c r acks  are not  formed. 
The o b j e c t i v e  of t h i s  e f f o r t  is t o  improve the  o x i d a t i o n  r e s i s -  
tance of carbon-carbon composites through the  u s e  of an a l t e r n a t i v e  
c o a t i n g  m a t e r i a l - r e a c t i o n  s i n t e r e d  s i l i c o n  n i t r i d e  (RSSN). This 
material r e p o r t e d l y  posses ses  a lower c o e f f i c i e n t  of thermal expansion 
than s i l i c o n  c a r b i d e ,  and i t  can be processed a t  lower temperatures .  
Both of t h e s e  f a c t o r s  should c o n t r i b u t e  t o  a r educ t ion  of r e s i d u a l  
c o a t i n g  stresses. However, as-processed RSSN is porous,  and means 
3 
to alleviate problems associated with t h i s  porosity were also inves- 
tigzted. 
11. Review of  L i t e r a t u r e  
This h i g h l y  d e s i r e a b l e  p r o p e r t i e s  of a material for c o a t i n g  
carbon-carbon composi tes  would inc lude  a thermal  expansion c o e f f i -  
c i e n t  s l i g h t l y  lower (< - 10%) t h a t  of t h e  composite,  low d e n s i t y ,  and 
chemical and p h y s i c a l  s t a b i l i t y  in o x i d i z i n g  and low p r e s s u r e  environ-  
ments from room tempera ture  t o  wel l  above 1600 C. A review of t h e  0 
l i t e r a t u r e  reveals t h a t  t h e r e  i s  p r a c t i c a l l y  no m a t e r i a l  which can 
provide  such a combination ‘of p r o p e r t i e s .  
For t h e  purposes of  s e l e c t i n g  a material f o r  s tudy  as a c o a t i n g  
f o r  carbon-carbon, t h e  fo l lowing  p r o p e r t i e s  were cons idered:  1) i m -  
proved thermal  expansion match wi th  t h e  s u b s t r a t e ;  2) thermal  s t a b i l i t y  
and o x i d a t i o n  r e s i s t a n c e ;  3 )  a b i l i t y  t o  c o a t  t h e  s u b s t r a t e .  The 
materials reviewed were Si N Si20N2, and s i a l o n s .  Among t h e s e ,  
S i  N was s e l e c t e d  as t h e  b e s t  cand ida te  € o r  r e sea rch .  
3 4’ 
3 4  
A. S i l i c o n  N i t r i d e  
S i l i c o n  n i t r i d e  bodies  can b e  formed by t h r e e  methods: reac-  
t i o n  s i n t e r i n g  (RS), chemical  vapor d e p o s i t i o n  (CVD), and h o t  p r e s s i n g  
(HP). There are  two modi f i ca t ions  of t h e  n i t r i d e ,  des igna ted  a l p h a  
and be ta .  The a lpha  phase is obta ined  when n i t r o g e n  reacts w i t h  
s i l i c o n  below i t s  mel t ing  p o i n t  (141OOC). 
when t h e  n i t r i d e  i s  p r e c i p i t a t e d  from molten s i l i c o n  c o n t a i n i n g  dis- 
The b e t a  phase is formed 
” 
so lved  n i t r o g e n  (1). Although r epor t ed  v a l u e s  of  c o e f f i c i e n t  of 
thermal  expansion f o r  s i l i c o n  n i t r i d e  vary  wide ly ,  a l l  are below t h a t  





Comparison of Si3N4 Thermal Expansion Data 
form range -a - 
RS, 70% dense 2 1-9 82' C 
HP, 73.0 g/cc 21-982OC 
70-100% 8 
-6 o 2.4 x LO f C 
2.75 x 10 -6 / o C 
2 . 4 7  x 10 -6 / o C n o t  given 25-100O'C 
Rs -6 o 
-6 o 
3.1 x 10 / C 
3 . 5  x 10 / c 
-6 o 3.61 x 10 ( C ,  a-axis Q 
-6 o 3.70 x 10 / C ,  c-axis 
-6 o 3.23 x 10 / C ,  a-axis f3 
-6 o 3 .72  x 10 f C ,  c-axis 
8 0-1 ooooc 
0-io0 0' c 
0-1 ooooc 









Reaction s i n c e r e d  s i l i c o n  n i e r i d e  (RSSN) is  produced by h e a t i n g  
compacted s i l i con  powder i n  n i t rogen .  The advantages of t h e  RS 
process  i n c l u d e  s i m p l i c i t y  and l i t t l e  d imens iona l  change (< 0.1%) 
on n i t r i d a t i o n  (4). React ion s i n t e r i n g  can b e  accomplished by two 
b a s i c  types  of process ing:  t h e  s i n g l e  s t a g e  o r  two s t a g e  process  (7). 
I n  the  s i n g l e  st-z?ge process ,  s i l i c o n  is r eac t ed  completely with. n i t r o -  
gen below t h e  mel t ing  p o i n t  of s i l i c o n ;  t h e  two s t a g e  process  comprises 
pa r t i a l  n i t t i d a t i o n  below t h e  me l t ing  p o i n t  of s i l i c o n  followed by 
completion of n i t r i d a t i o n  above che mel t ing  p o i n t .  The two s t a g e  
process  s h o r t e n s  n i t r i d a t i o n  time i n  l a r g e  bodies ;  however, t h i s  
should no t  be a c r i t i ca l  f a c t o r  i n  t h e  formation of a t h i n  layer  of 
S S N .  The product  of the  s i n g l e  s t a g e  process  is p r i m a r i l y  a lpha  
s i l i c o n  n i t r i d e  whereas t h e  two s t a g e  process  produces a mixture of 
a lpha  and be ta .  A l f b u g h  t h e  b e t a  phase r e p o r t e d l y  posses ses  h ighe r  
ox ida t ion  r e s i s t a n c e  ( 5 )  and a lower c o e f f i c i e n t  of thermal e x p a n s i m ,  
the  s t r e n g t h  of RSSN r epor t ed ly  i n c r e a s e s  wi th  i n c r e a s i n g  a lpha  
contene (4,7). The h ighe r  process  temperatures  r equ i r ed  t o  prcduce 
the  b e t a  phase would probably a l s o  r e s u l t  i n  h ighe r  r e s i d u a l  coa t ing  
stresses on cool ing.  
The ox ida t ion  rate of RSSN i s  h ighe r  than t h a t  of e i t h e r  YP o r  
CVD s i l i c o n  n i t r i d e  u n t i l  a cont inuous s i l i c a  l a y e r  is  formed w i t h i n  
t h e  pores  (4,8). Afte r  t h i s  l a y e r  forms, RSSN e x h i b i t s  a lower ra te  
of ox ida t ion  than HP m a t e r i a l ,  and i t  can almost  match t h a t  of CVD 
material due t o  i t s  high p u r i t y .  I t  i s  p o s s i b l e  to  reduce o r  e l i m i n a t e  
the  po ros i ty  of RSSN by two methods. 
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One nethod i n v o l v e s  me l t ing  and impregnating t h e  s u r f a c e  of RSSN 
with  l i q u i d  s i l lcon.  This nas been shown t o  markedly increase the  
oxidation resistance of RSSN ( 9 1 ,  and t h e  p re sence  of f r e e  s i l i c o n  
r e p o r t e d l y  i n h i b i t s  t h e  h igh  tempera ture  decomposition of s i l i c o n  
n i t r i d e  (10). 
can  be enhanced by a l l o y i n g  elements (11) as well as high tempera tures  
and low p r e s s u r e s  (12). A second method of  i n c r e a s i n g  t h e  d e n s i t y  o f  
t h e  product  i n v o l v e s  impregnation w i t h  a s i l i c o n  and n i t r o g z n  conta in-  
i n g  c rgano-meta l l ic ,  followed by h igh  tempera ture  decomposition t o  
l e a v e  s i l i c o n  n i t r i d e  w i t h i n  t h e  impregnated p o r o s i t y  (13). 
The a b i l i t y  o f  l i q u i d  s i l i c o n  t o  w e t  s i l i c o n  n i t r i d e  
Another method of producing s i l i c o n  n i t r i d e  is by (=vD techniques.  
The CVD material is u s u a l l y  produced by h e a t i n g  a f lowing  mixture  of 
a s i l i c o n  h a l i d e ,  o f t e n  SiC14, and amrooaia i n  a r e a c t i o n  v e s s e l .  A 
range of m i c r o s t r u c t u r e s  can be ob ta ined  by va ry ing  d e p o s i t i o n  condi- 
t i o n s  and e i t h e r  amorphous or a l p h a  s i l i c o n  n i t r i d e  can  be  formed. 
A p o t e n t i a l  problem i n  t h e  u s e  of s i l i c o n  n i t r i d e  i n  c o n t a c t  
wi th  carbon a t  h igh  tempera tures  is r e a c t i o n  between t h e  two materials 
t o  form s i l i c o n  ca rb ide .  B i l l y  and Colombeau (4 )  have r e p o r t e d  t h a t  
a l p h a  s i l i c o n  n i t r i d e  and carbon r e a c t  above 14OO0C; however, i n  
s t u d i e s  of CVD s i l i c o n  n i t r i d e  depos i t ed  on g r a p h i t e  s u b s t r a t e s ,  
Galasso  (14) r epor t ed  a r e a c t i o n  between the  two materials above 
1600°C. 
of t h e  thermal s t a b i l i t y  of amorphous and c r y s t a l l i n e  CVD s i l i c o n  
n i t r i d e  and found t h a t  decomposition begins  a t  1450-15OOcC. 
Gebhardt e t  31. (15) c a r r i e d  out mass spec t romete r  s t u d i e s  
Though CVD s i l i c o n  n i t r i d e  possesses  f avorab le  proper:ies, i t  
w a s  not pursued as a coa t ing  niethod because of the  r e l a t i v e l y  conplex 
a p p a r a t u s  r e q u i r e d ,  and because  i t  would later have t o  b e  s c a l e d  up 
to  coat t h e  actual heat s h i e l d  par t s , some of which are q u i t e  l a r g e  
and complex. 
problems i n  actual p r a c t i c e .  
Th i s  would probably p r e s e n t  a n  e n t i r e l y  new set of 
Uniaxial h o t  p r e s s i n g  of  s i l i c o n  n i t r i d e  powders w i t h  s i n t e r i n g  
a i d s  such as HgO or Y203 i: probably t h e  most comon method of pro- 
duc ing  s i l i c o n  n i t r i d e  bod ies  i n  i n d u s t r y .  However, u n i a x i a l  h o t  
p r e s s i n g  would b e  u n s u i t a b l e  for c o a t i n g  l a r g e  complex p a r t s  of 
l i m i t e d  s t r e n g t h .  Isostatic h o t  p r e s s i n g  may be v i a b l e  as a c o a t i n g  
method b u t  would be ex t remely  expens ive  and would be  beyond t h e  r each  
of a v a i l a b l e  r e sources .  
B. S i l i c o n  Oxyn i t r ide  
S i l i c o n  o x y n i t r i d e  ( S i  ON ) is s i m i l a r  i n  p r o p e r t i e s  t o  s i l i c o n  2 2  
n i t r i d e  and is sometimes p r e s e n t  as an o x i d a t i o n  product  of the  
n i t r i d e ;  its presence  is a p p a r e n t l y  dependent on t h e  form of the 
n i t r i d e  and on t h e  o x i d i z i n g  c o n d i t i o n s  (4,5,16) .  X-ray s t u d i e s  by 
Hendersoc ( 5 )  i n d i c a t e  that t h e  c o e f f i c i e n t  of thermal expansion of 
the  o x y n i t r j d e  i s  q u i t e  c l o s e  t o  t h a t  of t h e  n i t r i d e  w i t h  t h e  excep- 
t i o n  of t h e  o x y n i t r i d e  a-axis; i n  t h i s  d i r e c t i o n  t h e  v a l u e  is approxi- 
mately one- th i rd  of t h a t  measured i n  o t h e r  d i r e c t i o n s .  Washburn (16) 
r e p o r t s  t h a t  t h e  o x y n i t r i d e  has h ighe r  o x i d a t i o n  r e s i s t a n c e  than t h e  
n i t r i d e ;  however, t h i s  is based on t h e  u s e  of impure s a m p l e s  conta in-  
i n g  bo th  t h e  n i t r i d e  and o x y n i t r i d e  as w e l l  as the  c a r b i d e .  
RS s i l i c o n  o x y n i t r i d e  can  be  produced by n i t r i d a t i o n  of s i l i c o n -  
s i l i c a  mixtures  (5,17) a l thoug5  n o t  by d i r e c t  r e a c t i o n  of s i l i c a  and 
s i l i c o n  E f t r i d e  (i.6). Amorphous Si-O-N depos iz s  have been prepared  
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by vapor d e p o s i t i o n  (18) wi th  mixtures  of NO, NH3, and SiH4,  and the  
composition range  from SiOz to SijH4 is a c c e s s i b l e .  
t i ons  were s t u d i e d  i n  t h e  c o n t e x t  of e l e c t r o n i c  d e v i c e s ,  however. 
These composi- 
One area i n  which t h e  o x y n i t r i d e  seems d e f i n i t e l y  i n f e r i o r  co 
t h e  n i t r i d e  is t h a t  of h igh  tempera ture  s t a b i l i t y  under vacuum. 
E h l e r t  et  al. (17) found t h a t  decomposition became d e t e c t a b l e  a t  less 
than 1000°C by mass spec t romet ry  us ing  specimens produced by t h e  
n i t r i d a t i o n  of a 3:l Si-Si0 mixture .  The decomposition prodlrcts were 
s i l i c o n  monoxide, n i t r o g e n ,  and s i m i f i c a n t l y ,  s i l i c o n  n i t r i d e .  This  
decomposition t o  t h e  n i t r i d e  makes t h e  o x y n i t r i d e  d e f i n i t e l y  less 
a t t r a c t i v e  for high  tempera ture ,  low p r e s s u r e  a p p l i c a t i o n s  such as 
h e a t  s h i e l d s .  
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C. S i a l o n s  
The s i a l o n s  are a class of materials most o f t e n  produced by 
r e a c t i n g  mix tu res  of s i l i c o n  n i t r i d e ,  alumina, and o f t e n  aluminum 
n i t r i d e .  The l i t e r a t u r e  i n  t h i s  material i s  predominantly concerned 
wi th  material formed by h o t  p r e s s i n g ,  a method which has been r e j e c t e d  
as a c o a t i n g  technique  for the  purposes of t h i s  r e s e a r c h .  Addition- 
ally, due t o  t h e  presence  of s i n t e r i n g  a i d s ,  o x i d a t i o n  rates i n  HP 
s i a l o n s  are s u b j e c t  t o  a major i n c r e a s e  over those of h igh  p u r i t y  
Illaterials (4,191. HP s i a l o n s  show about t h e  same o x i d a t i o n  resistance 
as RSSN. 
P r e s s u r e l e s s  s i n t e r e d  s i a l o n s  have been prepared  when the com- 
pacts were covered w i t h  a b u f f e r  mix tu re  of s i l i c o n  n i t r i d e  and 
alumina o r  s i l i c a  (20) ; however, the  tempera ture  u t i l i z e d  (1500°C) 
w a s  beymd t h e  r each  of a v a i l a b l e  r e s o u r c e s  i f  any precise p rocess  
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control w a s  to be  exercised. No information on the oxidation resis- 
tarica of pressureless sintered sialons or on the application of such 
materials as coatings was found. 
111. Materials and Methods 
A. Carbon-Carbon S u b s t r a t e s  
1. Reinforced Carbon-Carbon (RCC) 
RCC (Vought Corpora t ion)  comprises p l i e s  o f  rayon-derived, s q u a r e  
weave g r a p h i t e  c l o t h  i n  a cross p l y  c o n f i g u r a t i o n  and a matrix d e r i v e d  
from bo th  pheno l i c  res in  and f u r f u r y l  a l coho l .  
p rocess ,  pheno l i c  impregnated g r a p h i t e  c l o t h  p l i e s  are bonded, cured ,  
and then pyrolyzed t o  form a low d e n s i t y ,  low s t r e n g t h  carbon-carbon 
material. i iepeated impregcat ion and py ro lyza t ion  c y c l e s  u t i l i z i n g  
f u r f c r y l  a l c c h o l  increase s t r e n g t h  and d e n s i t y .  F i n a l  impregnat ion 
w i t h  t e t r a e t h y l  o r t h o s i l i c a t e  (TEOS) is fol lowed by h e a t i n g  t o  y i e l d  
amorphous s i l i ca  w i t h i n  any p o r o s i t y .  Th i s  serves t o  i n c r e a s e  oxi -  
d a t i o n  resistaiice. 
I n  t h e  manufactur ing 
The RCC specimens used i n  t h i s  r e s e a r c h  were c u t  from p i e c e s  
which had been coa ted  wi th  s i l i c o n  c a r b i d e  and t r e a t e d  wi th  TEOS. 
The coa t ing  w a s  s l i c e d  away t o  provide  a f r e s h  s u r f a c e  f o r  c o a t i n g  
experiments .  As mentioned ear l ie r ,  t h e  c o e f f i c i e n t  of thermal  expan- 
s i o n  of such material w a s  determined t o  b e  1 . 4  x 10  / C from 25  - 
8OO0C i n  t h e  c r i t i c a l  d i r e c t i o n .  
Analyzer was u t i l i z e d .  
(method n o t  i n d i c a t e d )  i n d i c a t e  a f i g u r e  of 2.3 x 10 / C o v e r  approxi-  
mately t h e  same tempera ture  range .  
2 .  Advanced Carbon-Carbon (ACC) 
-6 o 
A Dupont Model 943 Thermomechanical 
Measurements done by Vought Corpora t ion  . 
-6 3 
ACC is be ing  cons idered  as a replacement  f o r  RCC beca:ise of i t s  
b e t t e r  mechanical  and o x i d a t i o n  p r o p e r t i e s .  The s t a r t i n g  m a t e r i a l  i s  
pheno l i c  impregnated,  e i g h t  ha rness  weave F i b e r i t e  g r a p h i t e  f i b e r  
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c l o t h  de r ived  from p o l y a c r y l o n i t r i l e .  The manufactur ing p rocess  f o r  
ACC is b a s i c a l l y  t h e  samz as t h a t  f o r  RCC excep t  that  pheno l i c  res in  
is w e d  a8 a d e n s i f y i n g  a g e n t  r a t h e r  than f u r f u r y l  a l coho l .  
In con t ra s t  t o  t h e  a v a i l a b l e  RCC material, t h e  ACC material was 
n e i t h e r  TEOS impregnated no r  s i l i c o n  c a r b i d e  coa ted .  It was in t h e  
form of a 0.1" t h i c k  s h e e t .  
Measurements by Vought Corpora t ion  i n d i c a t e  a c r i t i c a l  c o e f f i -  
c i e n t  of thermal  expansion of on ly  1.1 x 10-6/oC from 27 t o  815OC. 
E. Coat ing Furnace 
The c o a t i n g  fu rnace  c o n s i s t e d  of  a high p u r i t y  alumina fu rnace  
tube used i n  conjunct ion  ~ 5 t h  s i l i c u u  c a i b i d e  h e a t i n g  elements .  The 
tube w s s  c losed  a t  one end,  w h i l e  a t  t h e  o p p o s i t e  end, high tempera- 
t u r e  s i l i c o n e  adhes ive  was used t o  a t t a c h  h igh  vacuum glass hardware.  
The a p p a r a t u s  is  shown i n  F igu res  1 and 2 .  Not shown i n  F igure  2 
are water coo l ing  c o i l s  used t o  p r o t e c t  t h e  s i l i c o n e  adhes ive  from 
e x c e s s i v e  temperatures .  
Process  atmospheres were e s t a b l i s h e d  by several c y c l e s  of evacu- 
a t i o n  to  150 - 300 microns p r e s s u r e ,  fol lowed by b a c k f i l l i n g  wi th  
"Drierite" t r e a t e d  gas .  As fu rnace  heat-up proceeded, t h e  rube w a s  
s u b j e c t e d  t o  a purge du r ing  which 4 -5  cub ic  f e e t  of gas  flowed through 
t h e  tube over  a pe r iod  of 1 - 1- hours .  A t  t h e  end of  t he  purge,  gas  
flow was reduced to 50 - 70 cc / i i r in  for t h e  d u r a t i o n  of p rocess ing .  
Both s t a t i c  and f lowing atmospheres were a v a i l a b l e  to  s u i t  t h e  ongoing 
p rocess ing ,  and an o p t i c a l  curve  fo l lower  type c o n t r o l l e r  was used 
t o  provide  d e s i r e d  h e a t i n g  and coo l ing  rates. 
was used un le s s  o the rwise  s t a t e d .  
1 
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C. Oxida t ion  Test Procedure 
The o x i d a t i o n  t e s t  procedure was based on gene ra l  g u i d e l i n e s  
ob ta ined  du r ing  ground-based o x i d a t i o n  mass loss measurements con- 
ducted by t h e  Vought Corpora t ion .  The c u r r e n t l y  used h e a t  s h i e l d  
material e x h i b i t s  i ts  h i g h e s t  mass loss rate i n  a 1000°F tes t  conducted 
i n  a i r ,  wi th  weighings every  six hours .  
For t h i s  r e s e a r c h ,  o x i d a t i o n  test specimens were suppor ted  on 
a p a r a l l e l  gridwork o f  - I' diameter  m u l l i t e  rods  spaced i' between 
c e n t e r s  and f i x e d  L" above t h e  s u r f a c e  of  an i n s u l a t i n g  r e f r a c t o r y  
carrier block.  
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Tests were c a r r i e d  o u t  i n  a i r  i n  a 10QO°F muff le  
furnace ,  with weighings every  s ix  hours .  The r e f r a c t o r y  b lock  was 
prehea ted  b e f o r e  any specimens were in t roduced  i n t o  t h e  furnace .  
IV. M a t e r i a l s  and Methods: KCC 
The c o a t i n g s  f o r  RCC were of t h r e e  types :  a b a s i c  RSSN c o a t i n g ,  
an o r g a n o s i l i c o n  d e n s i f i e d  RSSN c o a t i n g ,  and a s i l i c o n  s e a l e d  RSSN 
coa t ing .  Both t h e  d e n s i f i e d  and s e a l e d  c o a t i n g s  were produced by 
a d d i t i o n a l  treatments t o  t h e  b a s i c  coa t ing .  
A. B a s i c  Coat ing 
The b a s i c  RSSN coa t ing  f o r  RCC \'as produced in t h e  fo l lowing  
The e x i s t i n g  s i l i c o n  c a r b i d e  c o a t i n g  was s l i c e d  away 
from t h e  fu rn i shed  m a t e r i a l  and specimens were c u t  t o  
a 0.70" x 0.22" x 0.12" nominal s i z e .  The p l i e s  were 
p a r a l l e l  t o  t h e  0.70" x 0 .22"  f ace .  
The s u r f a c e  o f  t h e  specimens w a s  roughened by h e a t i n g  
t o  600°C f o r  10 minutes  i n  a i r .  
occurs  because t h e  m a t r i x  carbon o x i d i z e s  a t  a much 
h ighe r  rate than t h e  f i b e r s .  
Any l o o s e  m a t e r i a l  l e f t  on the  s u r f a c e  w a s  removed, 
and the  specimem were treated w i t h  d i l u t e  HF to  remove 
from t h e  s u r f a c e  any s i l i c a  r e s u l t i n g  from t h e  TEOS 
t r ea tmen t .  
Each specimen rece ived  a l i g h t  d i p  coa t ing  i n  a 5 
micron average  pa r t i c l e  s i z e  s i l i con -ace tone  s l u r r y .  
Specimens were p laced  i n t o  t h e  fu rnace  and hea ted  t o  
145OoC f o r  45  min. i n  one atmosphere of  f lowing argon. 
Any r e s i d u e  was removed by u l t r a s o n i c  c l ean ing  i n  
ace ton  and g e n t l e  wiping,  as necessary .  
A roughening e f f e c t  
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7 )  Each specimen r ece ived  repea ted  d i p  coa t ing  i n  s i l i c o n -  
acetone s l u r r y  u n t i l  a coa:ing th i ckness  of 0.04 inch  
was reached.  
The specimens were hea ted  t o  1350°: f o r  1 2  hours  i n  one 
atmosphere of s t a t i c  n i t r o g e n .  
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B. Dens i f ied  Coat ing 
The o r g a n o s i l i c o n  m t e r i a l  used t o  dens i fy  t h e  c o a t i n g s  vas 
hexaphenyl-tricyclosilazane. It w a s  p repared  from diphenyld ich loro-  
s i l a n e  and ammonia as desc r ibed  by Mazdiyasni e t  a l .  ( l o ) ,  who used 
t h e  term "s i l azane"  i n  r e f e r r i n g  t o  i t .  
The s i l a z a n e  used f o r  t h e  d e n s i f i c a t i o n  of t h e  c o a t i n g s  w a s  
p repared  i n  a f l a s k  topped by a r e f l u x i n g  condenser .  A s o l u t i o n  o f  
d i p h e n y l d i c h l o r o s i l a n e  i n  to luene  (approx. 1:5) w a s  hea ted  t o  
119' - 120°C i n  t h e  f l a s k  by p a r t i a l  immersion i n  a s t i r r e d  e t h y l e n e  
g l y c o l  ba th .  Ammonia gas  was bubbled through t h e  hot s o l u t i o n  by 
means of a g l a s s  tube i n s e r t e d  down t h e  bore  of  t h e  condenser ,  and a 
p r e c i p i t a t e ,  assumed t o  be ammonium c h l o r i d e ,  formed i n  t h e  s o l u t i o n  
as soon as t h e  ammonia w a s  in t roduced .  A f t e r  t he  r e a c t i o n  w a s  allowed 
t o  proceed f o r  approximately f ive  hours ,  t h e  con tex t s  o f  t h e  f l a s k  
were f i l t e r e d ,  and t h e  c h l o r i d e  p r e c i p i t a t e  w a s  d i sca rded .  The f i l -  
t ra te  w a s  then c h i l l e d  to  p r e c i p i t a t e  t h e  s i l a z a n e ,  and t h e  to luene  
and s i l a z a n e  were s t o r e d  t o g e t h e r  i n  a r e f r i g e r a t o r .  Before u s e ,  
excess t o luene  w a s  p r e s s e d  from t h e  s i l a z a n e  c r y s t a l s  between two 
l a y e r s  of f i l t e r  paper ,  and t h e  c r y s t a l s  were allowed t o  a i r  d r y ,  
- 
Vacuum impregnat ion of t he  samples took p l a c e  i n  a g l a s s  tube 
which could be  hea ted  i n  a s m a l l  v e r t i c a l  oven. S a m p l e s  were placed 
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i n  t h e  tube w i t h  d ry  s i l a z a n e ,  and t h e  tube was then l i g h t l y  evacu- 
a t e d  and b a c k f i l l e d  w i t h  n i t r o g e n  s e v e r a l  times. The samples were 
s lowly  hea ted ,  and when t h e  silazaiie had melted completely,  t h e  tube 
was evacuated and b a c k f i l l e d  an a d d i t i o n a l  time to ensu re  complete 
impregnat ion.  Heating was cont inued u n t i l  a temperature  of approxi- 
mately 275OC w a s  reached,  and maintained f o r  f i v e  hours .  
were then moved t o  t h e  c o a t i n g  fu rnace  where they were hea ted  i n  
f lowing n i t r o g e n  a t  a ra te  of 2OC/min. t o  600' and 3°C/min. t n  l ; u O J C ,  
where they were h e l d  fo r  one hour then s lowly cooled. 
The samples 
C. Sea led  Coating f o r  RCC 
The c o a t i n g s  o f  some of t h e  specimens were s u b j e c t e d  t o  a s i l i c o n  
s e a l i n g  treatment t o  improve o x i d a t i o n  r e s i s t a n c e .  A f t e r  t h e  b a s i c  
RSSN c o a t i n g  w a s  complete, t h e  specimens were given a l i g h t  d i p  
c o a t i n g  i n  an  ace tone  s l u r r y  o f  -325 mesh boron powder. 
followed by d i p  c o a t i n g  i n  the  s i l i c o n  s l u r r y  and h e a t i n g  t o  145OoC 
f o r  two hours under f lowing argon. 
Th i s  was 
D. RCC Specimen Des igna t ions  
Specimens are grouped according to  t h e  type of c o a t i n g  employed. 
C a p i t a l  l e t t e r s  i n d i c a t e  group and dashea numerals i n d i c a t e  i n d i v i d u a l  
specimens. The d e s i g n a t i o n s  f o r  RCC Specimens are as follows: 
Type A: 0.04" RSSN coa t ing /ox id ized  s u b s t r a t e .  
B :  S i l a z a n e  d e n s i f i e d  A type c o a t i n g .  
C: Boron-si l icon s e a l e d  A type c o a t i n g .  
V. Resdts :  RCC 
A. Resu l t s  of RCC Coating Tests 
To improve c o a t i n g  adhesion,  t h e  uncoated RCC specimens were 
roughened by o x i d a t i o n  ac 6OO0C f o r  10 minutes.  
examinat ions of small specimens ox id ized  i n  a s i l i c a  boa t  i n d i c a t e d  
t h a t  t h e s e  c o n d i t i o n s  would b e  s u i t a b l e ;  however, t h e  a c t u a l  t e s t  
specimens were suspended by plat inum wire t o  expose t h e  e n t i r e  su r -  
f a c e  area. The d i f f e r e n c e  i n  h e a t i n g  c o n d i t i o n s  gave d i f f e r e n t  
r e s u l t s ;  t h e  a c t u a l  tes t  specimens were over-oxidized and t h e  deg ree  
of o x i d a t i o n  v a r i e d  depending on placement w i t h i n  t h e  fu rnace .  I n i -  
t i a l l y ,  t h e  mean specimen weight  was 0.511 g r a m  wi th  a s t a n d a r d  
d e v i a t i o n  of 0.006 grams; a f t e r  t h e  o x i d a t i o n  t r ea tmen t  t h e  mean and 
s t a n d a r d  d e v i a t i m  were 0.437 g r m s  and 0.015 grams, r e s p e c t i v e l y .  
The ox id ized  s u r f a c e s  were n o t i c e a b l y  f r a g i l e  i n  most cases, and any 
loose  material w a s  removed b e f o r e  che p o s t  o x i d a t i o n  weighing. S i n c e  
che supply of  s u b s t r a t e  material was l i m i t e d ,  only t h e  most s e v e r e l j  
o x i d i z e d  RCC specimens were d i s c a r d e d ,  and t h e  r e n a i n d e r  u t i l i z e d  
f o r  t he  purpose of comparing c o a t i n g  t r ea tmen t s .  
I. Basic Coating 
P r i o r  tests and SEM 
The b a s i c  RSSN c o a t i n g  was s u c c e s s f u l l y  a p p l i e d  t o  t h e  RCC 
s u b s t r a t e s  w i th  no appa ren t  c r ack ing .  F igu res  3 and 4 show t h e  
t y p i c a l  f i b r o u s  appearance of t he  RSSN f r e e  s u r f a c e .  A w e l l  bonded 
i n t e r f a c e  between t h e  c o a t i n g  and s u b s c r a t e  can be seen  i n  Figure 5 .  
Figure  6 is inc luded  f o r  comparison w i t h  a c o a t i n g  a p p l i e d  to  a non- 
o x i d i z e d  RCC s u r f a c e .  The r e l a t i v e l y  smooth c a v i t i e s  i n  t h e  i n t e r i o r  





t h e  specimen. 
2. Densi f ied  Coating 
The results of t h e  c o a t i n g  d e n s i f i c a t i o n  treatment f o r  RCC were 
h igh ly  v a r i a b l e  even though t h e  specimens f o r  s p e c i f i c  coa t ing /oxida-  
t i o n  screening tests were processed toge the r .  
t h e  d e n s i f i e d  coa t ings  w a s  in many cases appa ren t ly  unchanged from 
t h a t  of t h e  b a s i c  RSSN coa t ing ;  however, i n  o t h e r  cases t h e  change 
i n  s t r u c t u r e  w a s  q u i t e  obvious.  
specimen e x h i b i t i n g  a l a r g e  degree  of s t r u c t u r a l  change due t o  t h e  
coa t ing  d e n s i f i c a t i o n  t rea tment .  This  speciman was n o t  used i n  
o x i d a t i o n  tests . 
3. Sea led  Coating f o r  RCC 
The m i c r o s t r u c t u r e  of 
F igu res  7 and 8 show p o r t i o n s  of a 
R e  boron-s i l icon  s u r f a c e  s e a l i n g  procedure w a s  p a r t i a l l y  success-  
f u l  f o r  RCC samples;  however, on ly  two samples were a v a i l a b l e  and 
t h e i r  edges were fused  toge the r  du r ing  t h e  s e a l i n g  procedure.  An 
i n i t i a l  t rea tment  produced approximately 80% s u r f a c e  coverage, and 
an a d d i t i o n a l  t rea tment  i nc reased  coverage t o  over  9 5 2 .  The spec f -  
mens were sub jec t ed  t o  a low temperature  ox ida t ion  test i n  t h i s  
fused ,  p a r t i a l l y  s c a l e d  cond i t ion .  
B. Resu l t s  of  RCC Oxidat ion Tes t s  
There is some d i f f i c u l t y  in comparing t h e  r e s u l t s  f o r  t he  v a r i o u s  
types of specimens t o  e x i s t i n g  d a t a  because of t h e i r  small s i z e  and 
vary ing  shapes .  Mass loss f i g u r e s  €or  s t anda rd  Sic coa ted  ACC a r e  
given i n  u n i t s  of  l b / f t  . This  t y p e  of c a l c u l a t e d  d a t a  is r e a d i l y  
obta ined  f o r  l a r g e  specimens; however, an a c c u r a t e  f i g u r e  of t h i s  type 
is d i f f i c u l t  t o  o b t a i n  f o r  small specimens wi th  rounded edges.  Mass 
2 
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l o s s e s  are t h e r e f o r e  compared among specimens on an average percen- 
t a g e  b a s i s  i n  F igure  9. I n d i v i d u a l  mass and mass l o s s e s  f o r  t hose  
specimens which were t e s t e d  are g iven  i n  Table  2. 
Average mass loss/area f i g u r e s  are l i s t e d  i n  Table  3 for rough 
2 comparison wi th  t h e  t y p i c d l  l o s s  f i g u r e  o f  0.013 l b / f t  
a t  1000°F i n  a i r  ob ta ined  f o r  ACC which has  been TEOS impregnated,  
i n  s i x  hour s  
S i c  coa ted ,  and s e a l e d  by Vought Corporat ion.  These f i g u r e s  are 
based on nominal s u r f a c e  areas and should  t h e r e f o r e  be. cons idered  
approximations.  
1. Basic Coating 
F igure  10 s h o i s  t h e  e f f e c t  o f  bo th  t h e  s u b s t r a t e  pr iming pro- 
ceduie  ( b a s i c  c o a t i n g  s t e p s  4 and 5 )  and t h e  o x i d a t i o n  tests on RCC 
s u b s t r a t e .  The dense l a y e r  of  s u b s t r a t e  f i b e r s  is  probably a r e s u l t  
o f  i nc reased  o x i d a t i o n  r e s i s t a n c e  of  a t h i n  s u r f a c e  l a y e r  o f  Si and 
S i c  formed by t h e  priming procedure.  The loose  f i b e r s  a r e  t h e  r e s u l t  
of p r e f e r e n t i a l  o x i d a t i o n  of t h e  s u b s t r a t e  ma t r ix .  The r e l a t i v e l y  
smooth c a v i t y  is due t o  a i r  t rapped  dur ing  d i p  c o a t i n g .  
2 .  Dens i f ied  Coat ing 
As mentioned ear l ie r ,  results f o r  t h e  s i l a z a n e  d e n s i f i e d  coat-  
i n g s  have been i n c o n s i s t e n t .  F igure  11 shows an appa ren t ly  high 
- 
coa t ing  d e n s i t y  a d j a c e n t  t o  t h e  s u b s t r a t e  i n  specimen B-4, which 
e x h i b i t e d  t h e  lowest  mass l o s s  of  any specimen. F igure  1 2  shows 
specimen B-1, which uas.also d e n s i € i e d  b u t  d i d  n o c  e x h i b i t  app rec i ab ly  
improved o x i d a t i o n  r e s i s t a n c e .  The s u r f a c e  of t h e  coa t ings  o f  B-1 and 
B-4 were q u i t e  s i m i l a r  and a r y p i c a l  appearance i s  shown i n  F igure  13. 
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V I .  Materials and Methods: ACC 
The procedures  used for c o a t i n g  ACC specimens were p r i m a r i l y  
The d i f f e r e n t  c o a t i n g s  v a r i a t i o n s  of those  used for c o a t i n g  RCC. 
are c l a s s i f i e d  as p rev ious ly  desc r ibed  ( b a s i c ,  d e n s i f i e d ,  and s e a l e d  
c o a t i n g s )  and are expla ined  below. 
A. Basic Coating 
A v a r i e t y  of metnods were employed t o  form b a s i c  c o a t i n g s  on 
ACC. Dif fe rences  occurred  i n  s u b s t r a t e  s u r f a c e  p r e p a r a t i o n ,  "p r imer"  
composi t ion,  g reen  c o a t i n g  compos i t ion l th i ckness ,  and i n  n i t r i d a t i o n  
t ime/ temperature .  
S u b s t r a t e  s u r f a c e  p r e p a r a t i o n  c o n s i s t e d  of e i t h e r  a b r a s i v e  
roughening a lone  o r  a b r a s i v e  roughening followed by o x i d a t i o n  rough- 
ening.  Abrasive roughening w a s  done w i t h  240 g r i t  S i c  paper .  Mate- 
r ia l  w a s  removed u n t i l  t h e r e  were no s u r f a c e  con tour s  v i s i b l e  from 
t he  under ly ing  g r a p h i t e  c l o t h  p l i e s ,  and t h e  edges were rounded. 
Oxida t ive  roughening c o n s i s t e d  of hea t ing  specimens to  540 2 i n  a i r  
f o r  20 minutes  us ing  t h e  o x i d a t i o n  t e s t  cond i t ions .  
0 
The "priner" c o n s i s t e d  of e i t h e r  100% 1-5 micron s i z e  s i l i c o n  
powder o r  t h e  s i l i c o n  powder wi th  5.0 w/o -325 mesh boron powder. 
The boron-containing p r i m e r  was used wi th  green  s i l i c o n  coa t ings  
con ta in ing  0 ,  2 .5 ,  o r  5.0 w/o boron. Two coa t ing  th i cknesses ,  approx- 
i n a t e l y  0.04 i nch  and 0.02 i nch ,  were u t i l i z e d  f o r  some specimens. 
The n i t r i d a t i o n  t emse ra tu re l t ime  w a s  a l s o  var i ed  i n  an  a t t e m p t  
t o  lower thermal stresses. 
t o  36 hr./1150°C. 
Heat t rea tment  rangzd from 1 2  nr./135O0C 
34 
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B. Densi f ied  Coating 
Coat ing d e n s i f i c a t i o n  procedures  were i d e n t i c a l  t o  those  which 
were used f o r  RCC. However, f o r  ACC, t h e  procedure was r epea ted  
t h r e e  times p r i o r  t o  any o x i d a t i o n  tests. 
C. Sea led  Coat ings 
Three c o a t i n g  s e a l i n g  procedures  were employed. All star t  
wi th  a l i g h t  d i p  c o a t i n g  i n  a -325 mesh boron-acetone s l u r r y .  
lowing t h i s ,  t h e  specimens were e i t h e r :  1) dipped i n  t h e  1-5 micron 
s i l i con -ace tone  s l u r r y  ana hea ted  t o  145OoC f o r  two hours  under 
f lowing  argon a t  one atmosphere,  2)  dipped in s i l i c o n  s l u r r y  and 
hea ted  t o  1450°C f o i  45 minutes  under argon a t  200 to  300 microns 
p r e s s u r e ,  o r  3) hea ted  t o  1450 C i n  t h e  low p r e s s u r e  a rgon  atmos- 
phere i n  c o n t a c t  w i th  -20 mesh s i l i c o n  g ranu les .  
Fol- 
0 
D. ACC Specimen Des igna t ions  
n.e ACC specimen d e s i g n a t i o n s  d i f f e r  s l i g h t l y  from those  of  RCC 
specimens due to t h e  l a r g e r  v a r i e t y  o f  specimens. General  speciiren 
groups are s t i l l  des igna ted  by a c a p i t a l  l e t te r ,  any subgroups are 
des igna ted  by a numeral,  and i n d i v i d u a l  specimens by  a f i n a l  dashed 
numeral.  Groups D ,  E ,  and F a r e  cons idered  b a s i c  c o a t i n g s .  Group 
G con ta ins  d e n s i f i e d  c o a t i n g s  and Group H s e a l e d  c o a t i n g s .  T'ne 
c o a t i n g  types  a r e  summarized i n  Table 4 .  
The uncoated s i z e  of Group D1 specir'iens was 9.5" x 0.4" x 0.1"; 
















240 g r i t  
240 g r i t  
240 g r i t  + 
ox ida t ion  
240 g r i t  
240 g r i t  
240 g r i t  
240 g r i t  
240 g r i t  
240 g r i t  
240 g r i t  
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TABLE 4 
Coating Types f o r  ACC 
Primer Green Coating 
si 0.04" Si 
si 0.02" S i  
Si 0.02" S i  
S i  0.04" S i  
S i  0.04" S i  
S i  0.04" Si 
S i  0.04" S i  
S i  + 5.0 B 0.04" Si 
N i t r i d a t i o n  Temp./Time 
135OoC/12 h r .  
135OoC/12 h r .  
135OoCj12 h r  . 
1300°C/12 h r .  
125OoC/ 18 h r  . 
12OO0C/24 h r .  
1150°C/ 36 h r  . 
135OoC/12 h r .  
Si f 5.0 B 0.04" S i  + 2.5 B 
S i  i- 5.0 B 0.04" S i  + 5.0 B 
135OoC/12 h r .  
135OoC/12 h r  . 
T r i p l e  s i l a z a n e  d e n s i f i c a t i o n  of D2 type coacing.  
Boron-sil icon su r face  s e a l i n g  of D 1  typ3 coa t ing ;  
1-5 micron s i z e  Si sealant, 1 atm. argort. 
Boron-sil icon su r face  s e a l i n g  of D2 type coa t ing ;  
1-5 micron s i z e  Si s e a l a n t ,  200-300 microns p r e s s u r e .  
Boron-sil icon su r face  s e a l i n g  of D2 type coa t ing ;  
-20 mesh S i  s e a l a n t ,  200-300 microns pressure .  
VII. Resu l t s :  ACC 
A. Results of ACC Coating T e s t s  
1. Basic Coat ings 
Because all of t h e  c o a t i n g s  which were cons idered  f o r  f u r t h e r  
s tudy  began w i t h  t h e  same process ing  (135OOC n i t r i d a t i o n  f o r  1 2  
hours), t h e  c o a t i n g  c r a c k  c h a r a c t e r i s t i c s  of a l l  specimens were 
similar. Three f r a c t u r e  l o c a t i o n s  were observed.  
Observable  on  t h e  s u r f a c e  o f . t h e  c o a t i c g  were c racks  which run 
from t h e  c o a t i n g  s u r f a c e  t o  t h e  c o a t i n g - s u b s t r a t e  i n t e r f a c e .  These 
c r a c k s  form a specimen-wide network w t t h  spac ings  g e n e r a l l y  on t h e  
o r d e r  of 5 t o  3 inch .  
where c r a c k s  sometimes r a n  p a r a l l e l  t o  a n  edge when s i t u a t e d  nea r  
1 3  There w a s  no s t r o n g  c rack  o r i e n t a t i o n  excep t  
t h e  edge. 
When a specimen was s e c t i o n e d ,  c o a t i n g  c r a c k s  can sometimes be 
observed running p a r a l l e l  and nea r  t h e  s u b s t r a t e ,  bu t  n o t  through 
t h e  i n t e r f a c e .  A c r ack  of  t h i s  t ype  i n  a D 1  c o a t i n g  (0.04" t h i c k )  
is shown i n  F igu res  18 and 19. I n  F igure  1 9 ,  t h e  c c a t i n g - s u b s t r a t e  
bonding appears  cont inuous  i n  t h e  v i c i n i t y  of t h e  c rack .  
S e p a r a t i o a s  a l s o  took place a t  the  c o a t i n g - s u b s t r a t e  i n t e r f a c e  
i t s e l f .  This  can b e  s een  a t  the  end of t h e  specimen i n  F igure  18. 
The i n n e r  s u r f a c e  of a p o r t i o n  of D2 c o a t i n g  (0.02" t h i c k )  p r i e d  
away from t h e  s u b s t r a t e  can b e  seen  i n  F igure  20. Note t h a t  t h i s  
s u r f a c e  is  q u i t e  similar i n  appearance t o  t h e  o u t e r  c o a t i n g  s u r f a c e  
and is u n l i k e  t h e  c o a r s e r  g ra ined  i n t e r i o r .  A c ros s - sec t ion  of a 






Oxida t ive  roughening i n  D3 specimens was done t o  enhance c o a t i n g  
adhesior, ta  t h e  s u b s t r a t e ,  even though work done on RCC i n d i c a t e d  
t h a t  t h e  r e s u l t s  could be variable.  F igure  22 shows t h e  i n n e r  sur -  
face of D3 type  c o a t i n g  which has  been p r i e d  away from t h e  S u b s t r a t e .  
Note t h a t  t h e  f r a c t u r e  s u r f a c e  has  a rougher  appearance.  than a 
corresponding s u r f a c e  from a D2 coa t ing  (240 g r i t  s u b s t r a t e  rough- 
en ing  o n l y ) ,  as i n  F igure  20. 
Coat ing types  E l  through E4 ( reduced n i t r i d a t i o n  tempera tures)  
were omi t ted  from f u r t h e r  t e s t i n g .  Type E l  appeared i d e n t i c a l  t o  
specimens which had been n i t r i d e d  a t  135OoC f o r  1 2  hours.  
d a t i o n  temperatures  were reduced f o r  t ypes  E2 through E4, t h e  coa t ings  
went from l i g h t  g ray  t o  g ray i sh  b l ack  and became i n c r e a s i n g l y  sus- 
c e p t i b l e  t o  abras ion ,  i n d i c a t i n g  incomple te  n i t r i d a t i o n .  However, 
even t h e  E4 coa t ing  (minimum n i t r i d a t i o n  tempera ture)  w a s  cracked.  
As n i t r i -  
Coating types  F l  through F3 (boron a d d i t i o n s  t o  green  coa t ing )  
were somewhat more s u c c e s s f u l .  The F1  c o a t i n g s ,  which used a S i  
g reen  c o a t i n g  over  a S i  - 5.0 B pr imer ,  were s i m i l a r  i n  appearance t o  
t h e  D types .  The F2 and F3 specimens,  us ing  S i  - 2 . 5  B and S i  - 5.0 B 
green  c o a t i n g s  r e s p e c t i v e l y ,  had a mot t l ed  appearance and were sus -  
c e p t i b l e  t o  ab ras ion .  Noneth less ,  t h e s e  were s u b j e c t e d  t o  o x i d a t i o n  
tests la ter .  
2 .  Dens i f ied  Coating 
The t r i p l y  d e n s i f i e d  G type coa t ings  took on a b l ack  c o l o r a t i o n  
around the  specimen edges du r ing  post- impregnat ion h e a t  t r ea tmen t .  
Presumably t h e  c o l o r a t i o n  is  a r e s u l t  of t h e  decomposi t ion of t h e  
o r g a n o s i l i c o n  d e n s i f i e r ,  Table  5 l ists  specimen mass p r i o r  t o  
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TABLE 5 
Initial Mass and Cumulative Gains 
Over 3 Densifications 
Mass gain, g(%) after densification cycle 
2 3 - - 1 Specimen Initial Mass, 8 - 
G - 1  1 .6400  0 . 0 3 1 8  ( 1 . 9 4 )  0 . 3 3 7 1  ( 2 . 2 6 )  0 . 0 3 8 8  ( 2 . 3 7 )  
2 1 .6500  0 .0325  (1.97) 0.0386 ( 2 . 3 4 )  0.0410 ( 2 . 4 8 )  
3 1 .8453  0 .0330  (1.79) 0.0402 ( 2 . 1 8 )  0 .0417 ( 2 . 2 6 )  
4 3  
2.5 
2.0 










ORIGINAL FAZE is 









A G-l  
0 G-2 
0 G-3 
0 0 2 I 2 3 
DENSIFICATION CYCLES 





d e n s i f i c a t i o n  and mass g a i n s  f o r . e a c h  d e n s i f i c a t i o n  c y c l e .  P e r c e n t  
d e n s i f i c a t i o n  mass ga in  for i n d i v i d u a l  specimens is l i s t e d  i n  ‘Cable 
5 and p l o t t e d  i n  F igu re  23. 
The s u r f a c e  o f  a t r i p l y  d e n s i f i e d  specimen i s  shown i n  F igu re  
24. Note t h a t  t h e  s u r f a c e  posses ses  some l a r g e  g r a i n s  as w e l l  as 
wh i ske r s ,  and t h a t  t h e  whiskers  are more v a r i a b l e  i n  s i z e  and d e n s i t y  
than those  of p r e d e n s i f i e d  material, such as is seen  i n  F igu re  3. 
Shown i n  F igu re  25 is a s e c t i o n  through t h e  c o a t i n g - s u b s t r a t e  i n t e r -  
face of a G type specimen. F igu re  26 i s  a h i g h e r  magnicat ion view 
of t h e  same specimen and shows whi ske r s  growing o u t  i n t o  t h e  coat ing-  
s u b s t r a t e  s e p a r a t i o n .  
3. Sea led  Coat ings 
The H 1  through H 3  s e a l e d  c o a t i n g s  were n o t  considerdd success-  
f u l  although t h e  H2 c o a t i n g s  were s:!bjected t o  o x i d a t i o n  tests. The 
d e s i r e d  r e s u l t  was a s u r f a c e  made impermeable by s u r f a c e  w e t t i n g  
and impregnation by l i q u i d  s i l i c o n .  This  d id  not  occur  i n  types 
H 1  (1-5 micron S i  s e a l a n t ,  1 a t m  A r )  and H3 (-25 mesh S i  s e a l a n t ,  
low P Ar).  I n  t h e s e  specimens t h e  s i l i c o n  melted and coa le sced  
wi thou t  sp read ing  ov.?r t h e  s u r f a c e .  I n  tjrpe H 2  (1-j micron S i  
s e a l a n t ,  low P A r ) ,  t h e  s i l i c o n  appeared t o  have vaporized completely 
along w i t h  the boron w e t t i n g  agen t .  However, there was an average 
c o a t i n g  weight g a i n  of 1 2 . 7 % .  
B.  R e s u l t s  of ACC Ox ida t ion  Tests 
Oxidat ion tes t  c y c l e s  f o r  ACC specimens were terminated when 
t o t a l  p e r c e t t  mass loss reached approximately 25%, a f i g u r e  w e l l  
beyond the  a c t u a l  use l e v e l .  A s  w i th  t h e  RCC specimens,  t h e  mass 
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l o s s l a r e a  is c a l c u l a t e d  us ing  a norainal s u r f a c e  a r e a  f o r  a l l  s p e c i -  
mens, and should b e  cons idered  an approximation. The average p e r c e n t  
mass loss f o r  a l l  ACC specimens is p l o t t e d  i n  F igu re  27.  I n d i v i d u a l  
specimen mass and mass l o s s e s  are l i s t e d  i n  Table  6 ,  and t h e  average  
six  hour  o x i d a t i o n  mass l o s s l a r e a  approximations are l i s t e d  i n  Table  7 .  
1. Basic Coat ings 
One of t h e  more p r o t e c t i v e  ACC coa t ings  came from t h e  group of 
b a s i c  c o a t i n g s ;  however, none of  t h e  ACC specimens were a b l e  t o  match 
t h e  RCC. The b a s i c  ACC c c a r h g  e x h i b i t i n g  t h e  lowest  mass loss was 
t h e  D1 type ,  which comprised a 0.04" t h i c k  coa t ing  of 100% s i l i c o n  
on an a b r a s i v e l y  roughed s u b s t r a t e .  A s e c t i o n  through t h e  i n t e r f a c e  
of an ox id ized  D 1  specimen i s  shown i n  F igure  28; and f e a t u r e s  cypi- 
c a l l y  a s s o c i a t e d  wi th  o x i d a t i o n  damage are v i s i b l e .  These are t h e  
l a r g e  k a r t i c a l  c r a c k  i n t e r s e c t i n g  an a r e a  i n  which coa t ing  separz t ic jn  
h a s  caken p l a c e ,  and,  below t n e  primed l a y e r ,  f i b e r s  left b a r e  by 
ma t r ix  o x i d a t i o n .  The primed layer appa ren t ly  posses ses  good oxida- 
t i o n  r e s i s t a n c e ,  and x-ray pho toe lec t ron  s p e c t r o s c o p i c  a n a l y s i s  of  
primed s u b s t r a t e  s u r f a c e s  i n d i c a t e s  t h e  presence  of s i l i c o n  and 
lesser amounts of s i l i c o n  c a r b i d e .  
O f  t he  D type spec inens ,  t h e  h i g h e s t  mass loss was e x h i b i t e d  by 
the D2 c o a t i n g s .  These were processed  i n  the  sane manner as D1; 
however, t h i n n e r  (0.02") coa t ings  were app l i ed .  
The D3 c o a t i n g s  (0.02" s i l i c o n  on an o x i d a t i v e l y  roughened sur- 
f ace )  o f f e r e d  appa ren t  improvement i n  o x i d a t i o n  r e s i s t a n c e  over  t h e  
D2 type.  Coat ings on o x i d a t i v e l y  roughened subs t r a t e s  seemed to  
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TABLE 6 
Coated Mass and Mass Loss for Individual ACC Specimens 
Total Mass Loss, g(Z) ,  at Time, hr. 
12 18 -. -Specimen Coa:ed Mass ( 9 )  6 





D2 - 1 
2 
avg . 




































0.0925 (8.03) 0.2231 (21.77) 
0.0927 (8.32) 0.2235 (20.14) 
0.1007 (9.74) 0.2335 (22.58) 
0.1034 (10.81) 0.2276 (23.70) 
(9.48) (22.05) 
0.3308 (17.37) G.8209 ( 4 3 . i o j  
0.3284 ( l a .  78) 0.5486 (31.38) 
(18.08) (37 2 4 )  
0.3330 (18.40) 0.5774 (31.91) 
0.2275 (12.71) 0.5057 (28.26) 
0.2256 (12.63) 0.4540 (25.41) 
0.2443 (13.43) 0.6075 (33.97) 
(14.31) (29.89) 
.2234 (11.54) -4541 (23.46) 
.2185 (12.13) .5352 (29.71) 
.2738 (14.92) .6138 (33.45) 





-2297 (11.52) ,4752 (23.83) 
. i 998  (8.83) ~ 5 5 6  (~0 .11r )  
.2913 (13.06) .6113 (27.40) 
(11.14) (23.79) 
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TABLE 6. continued 
18 -12 -6 Specimen Coated Mass (g) - 
G - 1  1.6788 .1478 (8.80) .3231 (19.25) .4183 (24.92) 
2 1.6910 .1585 (9.37) .3327 (19.67) .4303 (25.45) 
avg . (9.08) (19.46) (25.18) 
H2 - 1 2.1635 .2158 (9.97) .5166 (23.88) 
2 2.0664 .2523 (12.21) .6426 (31.10) 
avg . (11.09) (27.49) 
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TABLE 7 
Calculated ACC Mass Loss/Area for 5 hr. Oxidation 
a t  ~OOO'F in air  
6 hr.  6 hr .  Mass 
Specimen Nom. Area, in Avg . Loss, g Loss, l b / f t 2  2 
D1'- 1234 A v ~ .  .84 .0973 .036 
D2 - 12 Avg. 1 . 4 5  .3296 .072 
D3 - 1234 Avg. 1 . 4 5  -2576 .056 
El - 123 A v ~ .  1.45 
E2 - 123 A v ~ .  1.45  







G - 12 Avg. 1.45 .1531 -033  




bonding i n  a D3 specimen (exposed t o  o x i d a t i o n )  is shown i n  F igure  29. 
Coating t y p e s  F1 through F3 (boron-containing pr imer  and/or  green  
coa t ing )  d i d  n o t  seem to o f f s r  t h e  o x i d a t i o n  p r o t e c t i o n  of t h e  D 1  type.  
The F ty?e coat ings are b a s i c a l l y  D1 types  wi th  boron a d d i t i o n s ,  and, 
a l though t h e  c o a t i n g  th i ckness  were approximately equa l ,  mass loss 
rates f o r  F type  c o a t i n g s  were g e n e r a l l y  h i g h e r .  A l l  of t h e  F types  
performed a p p r o x i s a t e l y  t h e  same, r e g a r d l e s s  of boron con ten t .  
2.  Dens i f ied  Coat ings 
The mass l o s s  rates f o r  t h e  t r i p l y  d e n s i f i e d  G type  coa t ings  
were lower than those  of t h e  52 c o a t i n g s ,  and were approximasely 
e q u a l  t o  those  of t h e  D1 specimens.  The G c o a t i n g  is a d e n s i f i e d  
0.02" t h i c k  D2 coa t ing ;  t h e  D1 c o a t i n g  is processed l i k e  t h e  02 b u t  
is 0.04" t h i c k .  The s u r f a c e  of an ox id ized  G t ype  c o a t i n g  i s  shown 
i n  F igu re  30. 
3. Sea led  Coat ings 
The "sealed" H2 c o a t i n g s  were ano the r  mod i f i ca t ion  of t h e  L 2  
c o a t i n g s ,  and they performed s l i g h t l y  bet ter  than D2. H2 mass loss 
rates were s imilar  t o  those  of t he  F type ,  which r e c e i v e d  boron 
a d d i t i o n s  p r i o r  t o  n i t r i d a t i o n ,  r a t h e r  than a f t e r  n i t r i d a t i o n  as the  
H2 coa t ings  had. 
1'111. Discuss ion  
I n  terms of percentage mass loss and mass lo s s /area ,  the A, B ,  
and C t ype  coa t ings  a p p l i e d  t o  RCC o f f e r e d  much b e t t e r  performance 
i n  o x i d i z i n g  c o n d i t i o n s  than  d i d  t h e  D,  F ,  G.  and H t ype  c o a t i n g s  
a p p l i e d  t o  ACC. The Vought mass loss s t a n d a r d  (0.013 l b / f t  l o s t  
over  6 hours  of o x i d a t i o n  a t  1000°F i n  a i r )  was t h e  r e s u l t  of tests 
on ACC which had been S i c  coa ted ,  TEOS impregnated,  and s e a l e d  wi th  
a p r o p r i e t a r y  ove rcoa t .  The RCC s u b s t r a t e  specimens ( t y p e s  A,  B ,  
C) had been p rev ious ly  impregnated w i t h  TEOS, whereas t h e  ACC sub- 
s t r a t e  specimens (cypes D ,  €, F, G ,  ?I) had no t .  
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S i n c e  TEOS impregnat ion was developed t o  increase t h e  o x i d a t i o n  
r e s i s t a n c e  of t h e  s u b s t r a t e s ,  t h e  ACC specimen would have probably 
performed bet ter  had they been p r e v i c u s l y  impregnated. I n  a d d i t i o n ,  
t h e  ACC specimens possessed a lower c o e f f i c ' e n t  of thermal  expansion 
than RCC. T h i s  l e a d s  t o  an assumption of h ighe r  c o a t i n g  stresses 
than i n  t h e  h ighe r  expansion RCC specimens.  While none of t h e  RCC 
specimens e x h i b i t e d  obvious c racks  on t h e  c o a t i n g  s u r f a c e ,  a l l  of 
t h e  ACC specimens d id .  Overall, t he  S i  N coated  RCC specimens 
approximately equa l l ed  t h e  1000°F performance of ACC coa ted  by Vought, 
whereas t h e  Si N coated  ACC specimens f e l l  f a r  s h o r t  of t h i s  mark. 
3 4  
3 4  
The c rack ing  of t h e  c o a t i n g s  on ACC may also occur  p r i o r  t o  
n i t r i d a t i o n .  This i s  suppor ted  by t h e  c rack ing  of t he  E4 type c o a t i n g  
( n i t r i d e d  at llSO°C for 36 h r . ) ,  which was cracked though l i t t l e  o r  
no n i t r i d a t i o n  took place, and 3y a comparison of Figure  3 wi th  
F igures  17  and 19. F igure  3 shows t h e  t y p i c a l  f i b r o u s  appearance 
which r e s u l t s  when n i t r i d a t i o n  t akes  p l a c e  a t  a free s u r f a c e ,  whereas 
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n i t r i d e d  s i l i c o n  below t h e  s u r f a c e  p o s s e s s e s  a d e n s e r ,  g r a n u l a r  
appearance.  The s u r f a c e s  shown i n  F i g u r e s  17 and 19 were a d j a c e n t  
t o  t h e  s u b s t r a t e ,  y e t  they c l o s e l y  resemble t h e  f r e e  s u r f a c e  shown 
i n  F i g u r e  3. T h i s  s u g g e s t s  t h a t  some s e p a r a t i o n  between che g r e e n  
c o a t i n g  and t h e  ACC s u b s t r a t e  could have taken place prior t o  n i t r i -  
d a t i o n .  
Such a s e p a r a t i o n  could be caused by thermaS expansion d i f f e r -  
ences between t h e  greer! c o a t i n g  and t h e  ACC s u b s t r a t e .  The c o e f f i -  
c i e n t  of thermal  expansion of s i l i c o n  is approximately 4.1 x 10 / C 
from 200' t o  14OO0C ( 2 ) .  
-6 o 
During fu rnace  heat-up, t h e  green s i l i c o n  
c o a t i n g  would expand a t  a h i g h e r  ra te  than t h e  s u b s t r a t e ,  c r e a t i n g  
compressive stresses i n  t h e  g reen  c o a t i n g  p a r a l l e l  t o  t h e  subs trace 
s u r f a c e .  This compression could result i n  an  outward buck l ing  and 
s e p a r a t i o n  between c o a t i n g  and s u b s t r a t e .  A c o a t i n g  a f f e c t e d  i n  t h i s  
manner would probably a f f o r d  less  p r o t e c t i o n  than one simply cracked 
through t o  an i n t ac t  i r ' t e r f ace .  Some s u p p o r t  is  l e n t  t o  t h i s  view 
by t h e  f a c t  t h a t  t h e  mass l o s s  rates f o r  D2 specimens (0.02" c o a t i n g  
on a b r a s i v e l y  roughened s u b s t r a t e )  appear t o  be h ighe r  than those 
f o r  D3 specimens (0.02'' c o a t i n g  on o x i d a t i v e l y  rciughened s u b s t r a t e ) .  
Ox ida t ive  roughening r e s u l t s  i n  the  exposure of f i b e r  ends which 
seem t o  be a b l e  t o  anchor t h e  c o a t i n g  t o  some e x t e n t ,  and the  D3 
c o a t i n g  d i d  o f f e r  improved p r o t e c t i o n  over  t h e  D 2  type.  Coat ing 
adhesion could perhaps be improved by n i t r i d i n g  s p e c i s e n s  under l i g h t  
c o n s t r a i n t ,  such as i n  an i n e r t  powder pack, r a t h e r  than i n  a f r e e  
s t a n d i n g  c o n d i t i c n .  
5 7  
S i l a z a n e  d e n s i f i c a t i o n  of RSSN c o a t i n g s  showed p o t e n t i a l  on a 
m i c r o s t r u c t u r a l  b a s i s  (F igu res  5 ,  6 )  and on a performance b a s i s  
(specimen 8-41; however, p rocess  un i fo rmi ty  w a s  appa ren t ly  n o t  
achieved.  There d i d  n o t  appear t o  be an a p p r e c i a b l e  c r a c k - f i l l i n g  
e f f e c t  when c o a t i n g s  on ACC were d e n s i f i e d .  However, o x i d a t i o n  pro- 
t e c t i o n  seemed be t te r  i n  t h e  type G specimens re la t ive  t o  similar 
but  non-densif ied D2 specimens,  i n d i c a t i n g  thac  mass loss ra tes  were 
s e n s i t i v e  t o  coat i r ig  d e n s i t y  even i n  t h e  presence  of l a r g e  c racks .  
Inomata (9)  has  demonstrated t h a t  t h e  o x i d a t i o n  r e s i s t a n c e  of 
RSSN can be  markedly i n c r e a s e d  by s u r f a c e  impregnat ion wi th  molten 
s i l i c o n  under one atmosphere of n i t r o g e n .  The f a i l u r e  t o  provide  a 
f u l l y  s a t i s f a c t o r y  s i l i c o n  s c a l e d  RSSN c o a t i n g  may b e  due t o  i m p u r i t i e s  
i n  t h e  s i l i c o n  a n d l o r  to traces of oxygen i n  t h e  process  gases .  The 
1-5 micron s i l i c o n  powder w a s  analyzed by x-ray d i f f r a c t i o n  and 
appeared i o  c o n t a i n  minor contan-.inants which could n o t  b-: i d e n t i f i e d .  
I X .  Conclusions 
1. Using lower temperatures  than i n  the  present S I C  c o a t i n g  
p rocess ,  c r a c k  f r e e  r e a c t i o n  s i n t e r e d  s i l i c o n  n i t r i d e  c o a t i n g s  
can be a p p l i e d  t o  Vought Corpora t ion ' s  RCC composite.  
Ir. 1000°F a i r  o x i d a t i o n  c o n d i t i o n s ,  TLOS impregnated RCC w i t h  
a 0.04 i nch  RSSN c o a t i n g  y i e l d s  approximately tlie same nass 
loss ra te  as i n d u s t r y  s t a n d a r d  ACC which has  been S i c  coa ted ,  
TEOS impregnated, and ove rcoa ted .  
2 .  
3 .  The thermal expansion c o e f f i c i e n t  of ACC is too low r e l a t i v e  
t o  Si or RSSN t o  form c rack  f r e e  RSSN c o a t i n g s  on ACC by t h e  
methods employed; t h e  r e s u l t i n g  mass loss r a t e  is unacceptably 
high f o r  ACC which has  n o t  been TEOS impregnated. 
4 .  S i l a z a n e  d e n s i f i c a t i o n  and s i l i c o n  s e a l i n g  can i n c r e a s e  t h e  
o x i d a t i o n  protec:ion o f f e r e d  by RSSN c o a t i n g s  on RCC and ACC; 
however, t he  methods emplcyed d i d  no t  a l low f o r  optimum process  
c o n d i t i o n s .  
5 .  Areas of f u r t h e r  s tudy  i n c l u d e  methods o f  p reven t ing  cca t ing -  
s u b s t r a t e  s e p a r a t i o n  d u r i n g  p rocess ing ,  d e n s i f i c a t i o n  and 
s e a l i n g  p rocess  o p t i m i z a t i c n ,  anci r e a c t i v e  formation of S i c  
c o a t i n g s  a t  much lower temperatures  than those  p r e s e n t l y  
employed. 
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